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ABSTRACT 
Internal heat exchangers (IHX) has been implemented into refrigeration and air-conditioning 
industry for a long time because of its ability to improve the efficiency of refrigeration cycles for 
several commonly used and potential substitution of refrigerants (R134a, R744 and R1234yf 
among them). It provide extra heat transfer between the high temperature liquid from the condenser 
and the cold vapor from the evaporator, which can lower the inlet quality to the evaporator and 
potentially increase system capacity and COP  
Implementation of IHX in residential systems are commonly seen nowadays while automotive 
system generally less. The essence of this research is to organize data sets of automotive systems 
that included internal heat exchangers previously conducted in Air-Conditioning and Refrigeration 
Center (ACRC) at the University of Illinois at Urbana-Champaign (UIUC) and put them into a 
sound analysis. Two main objectives were to achieve:  
First of all, detailed measurements of all available designs. This will allow us to investigate 
the influence of geometrical effect such as tube diameter, fin features…etc. that will affect heat 
transfer and pressure drop performance. Moreover, weight penalty of each design upon application 
were also stressed.  
Another objective of this research is to develop component model of each IHX design. Work 
are performed with validation between various experimental data sets on heat transfer and pressure 
drop characteristic of each IHX design. After validating the IHX models, comparison in common 
testing conditions were set to analyze the performance of different geometries on heat transfer and 
pressure loss. The detailed measurements in this work can be used as a reference when internal 
heat exchangers were considered to be implemented into automotive systems. Moreover, the IHX 
model of each design can be easily implemented into a system model to observe the benefit of IHX 
on systems as a preliminary study for system design. 
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NOMENCLATURE 
Abbreviations    
A Area [m2] 
COP Coefficient of Performance [-] 
DP Pressure drop [kPa] 
H Height [mm] 
h Specific enthalpy [kJkg-1] 
ID Inner diameter [mm] 
IHX Internal heat exchanger  
k Thermal conductivity [W m-1 K-1] 
LMTD Log mean temperature difference [K] 
OD Outer diameter [mm] 
P Pressure [kPa] 
Q Capacity [kW] 
T Temperature [℃] 
t Thickness  [mm] 
U Overall heat transfer coefficient [kW m-2 K-1] 
W Power [kW] 
x Quality [-] 
Greek    
Δ Representing a change in a quantity  
η efficiency [-] 
ε Heat exchanger effectiveness [-] 
v  Kinematic viscosity [m2s-1] 
ρ Density [kgm-3] 
Subscripts   
comp Compressor  
cond Condensing   
e Evaporator  
element Element  
x 
 
eq equivalent  
evap Evaporating  
fg Latent heat of vaporization  
HX Heat exchanger  
ihxllri Internal heat exchanger liquid line inlet  
ihxllro Internal heat exchanger liquid line outlet  
ihxslri Internal heat exchanger suction line inlet  
ihxslro Internal heat exchanger suction line outlet  
in Inlet  
l/liq liquid  
min Minimum  
oil Oil  
ref Refrigerant side  
reference Reference  
sat Saturation  
tot Total (refrigerant and oil)  
TP Two phase  
tube Tube  
v/vap Vapor  
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CHAPTER 1 INTRODUCTION 
1.1 Background and Motivation 
Thermodynamic analysis and actual systems have proven that an internal heat exchanger (IHX) 
can benefit the refrigeration cycles and systems for some refrigerants (R134a, R744 and R1234yf 
among them) while it is definitely detrimental for some (R717 for instance). A sound analysis was 
presented by Domanski and Didion (1994). Some stationary systems, more driven by energy 
efficiency, have already exploited this benefit, while mobile systems generally less.  The IHX 
exchanges heat between the hot refrigerant liquid exiting the condenser and the cold refrigerant 
vapor exiting the evaporator.  The benefit of an IHX to the thermodynamic cycle is shown in Figure 
1-1. Δq is the specific cooling capacity gained by the increased subcooling of the refrigerant, and 
Δw is the increased specific work of the compressor due to the IHX. Depending on the relative 
magnitude of Δw and Δq, as well as original values of Q and COP the system efficiency (COP’) 
with the IHX can increase or decrease over the system efficiency (COP) without the IHX.   
)/()(COP' wwqq    (1.1) 
wq /COP    (1.2) 
 
Figure 1–1 Cycle with and without an IHX 
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1.2 Literature Review 
Among all the refrigerants that can benefit from an IHX, earlier applications are found mostly 
in R744. Boewe et al. (1999) had shown significant influence of the IHX on system performance, 
increasing efficiency up to 25%. They also found that IHX provides the greatest enhancement 
when it is needed most, while idling at high ambient temperatures. Moreover, in systems without 
IHX, the capacity- and efficiency-optimizing discharge pressure are far apart. IHX brings them 
closer together, thus enabling simpler control systems and strategies. 
The cycle above in previous chapter does not take into account of elements in a real system: 
IHX effectiveness and pressure drop among others.  Nelson and Hrnjak (2002) and Nelson and 
Hrnjak (2003) had shown for another type of mobile air conditioner effects of IHX. Results had 
shown that IHX can increase the capacity up to 13% and efficiency up to 12% compared to baseline 
system, with capacity Q and COP maximizing exit quality somewhat lower (0.95) most likely due 
to less perfect distribution in the evaporator. They have also presented a relationship between IHX 
effectiveness and pressure drop as designer’s variable to Q and COP as objective functions.  
Results shown stress the same observation – pressure drop is extremely important element for 
successful implementation of IHX.   
As R1234yf has gained its appearance in recent automobile applications and also shown even 
more potential benefits by using IHX as its relatively low latent heat of vaporization coupled with 
a relatively high liquid specific heat results in an increased amount of vapor created upon 
expansion. Therefore, as a theoretically promising implementation to improve system 
performance, research efforts have increased in this fluid in recent years. Seybold et al. (2011) 
examined the system improvement with different geometries/capacities of IHX along with various 
thermostatic expansion valve (TXV) parameters and oil concentration. Results had shown that the 
cooling capacity was improved up to 8.3% with a 700mm IHX and 6.8% with a 350mm IHX 
compared to baseline system at similar compressor work. Results also shown that a higher IHX 
capacity requires a steeper TXV slope to avoid high discharge temperatures at high load and high 
compressor rpm, which in this case was set to 0.85 as a function of system configuration and the 
compressor type used. 
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The geometry of an IHX also affects its performance on heat transfer and pressure drop 
characteristics. The simplest and most commonly used designs are counter-flow, co-axial tube-in-
tube IHX along with others such as plate type IHX. Meyer (2012) presented an evaluation of three 
different co-axial geometries of IHX (smooth, enhanced and spiral) by using a system model of 
R134a and R1234yf fluid. Results had shown that to achieve the same effectiveness of 0.35, the 
enhanced tube will need the shortest length while the smooth tube the longest. However, from a 
pressure drop point of view, the enhanced tube also result in a higher suction line pressure drop. 
The spiral tube has heat transfer and pressure drop characteristics between enhanced tube and 
smooth tube.  
Seybold et al. (2012) compared coaxial and non-coaxial IHX types on the component and 
system level as applied to mobile air conditioning (MAC) systems. The paper utilize a criteria 
defined in Seybold et al. (2010) as efficiency ratio to compare four types of IHX including coaxial 
tube-in-tube, plate, brazed helical coil and housing and welded tubes and housing. Results shown 
that the plate type IHX has a higher heat transfer as well as pressure drop. Moreover, despite the 
fact that it has a much higher pressure drop than the others, the plate type IHX still has the highest 
efficiency ratio among the four designs. On system level, the plate type IHX also shown the best 
performance on the system capacity and COP in most operating conditions. However, compare to 
the coaxial designs, the integration of plate type IHX into an existing A/C system maybe more 
difficult. 
1.3 Research Objectives 
Objectives are to analyze existing data from numerous ACRC projects in a coherent body and 
come to a correlations for heat transfer and pressure drop in specific designs. Once these 
correlations are developed they will be used in the system model to evaluate effect of heat transfer 
and the pressure drop on the system performance (Q and COP).  Ultimate objective is to provide 
an analysis and the tool for better design of systems with various refrigerants. 
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CHAPTER 2 CYCLE ANALYSIS WITH INTERNAL 
HEAT EXCHANGER 
Internal heat exchanger have proven to improve system performance in several refrigerants, 
this chapter explores the potential benefits of IHX in several aspects including different conditions, 
different IHX sizes and also the effect of pressure drop on a cycle basis for R134a and R1234yf.  
2.1 Effects of Different Operating Conditions 
Analyzing the influence of an IHX in a cycle analysis can give us a better idea of the maximum 
possible improvement of the component in real systems. To characterize the IHX in a cycle, the 
effectiveness of IHX (ε) is defined as: 
ε𝐼𝐻𝑋 =
ℎ (𝑇,𝑃𝑖ℎ𝑥𝑠𝑙𝑟𝑜)−ℎ(𝑇,𝑃𝑖ℎ𝑥𝑠𝑙𝑟𝑖)
ℎ (𝑇𝑖ℎ𝑥𝑙𝑙𝑟𝑖,𝑃𝑖ℎ𝑥𝑠𝑙𝑟𝑜)−ℎ(𝑇,𝑃𝑖ℎ𝑥𝑠𝑙𝑟𝑖)
   , (0 ≤ ε𝐼𝐻𝑋 ≤ 1)                    (2.1) 
The numerator shows the heat transferred (enthalpy difference) of refrigerant in the suction 
line and the denominator indicates the maximum possible heat transfer in the IHX. A value of zero 
effectiveness indicates no heat was transferred in the suction line while unity means that it has 
approached its maximum possible performance. As shown in Figure 2-1, when the effectiveness 
of IHX goes up, the superheat at the inlet to the compressor will also goes up and the maximum 
reachable outlet temperature at the compressor inlet will be the same as the condenser outlet 
temperature (the red dash line indicates the isotherm). 
 
Figure 2–1: Effect of IHX effectiveness on cycle analysis 
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To explore the influence of IHX in different conditions, we set a range of evaporating 
temperature from -5°C to 10°C and condensing temperature from 30°C to 50°C. Isentropic 
efficiency of compressor (ηisen) is fixed at 0.65 and the effectiveness of IHX is fixed at 0.35, which 
is an empirical guess value we typically got from experiments. Figure 2-2 below shows the 
improvement in COP for R134a and R1234yf in different conditions: 
     
Figure 2–2: Improvement in COP in different conditions with and without IHX 
The result of the cycle analysis show that by adding IHX into a cycle, R134a can achieve a 
COP increase between 0.5% and 3.2%, while R1234yf can yield a COP increase between 2% and 
7.3% over the range of operating conditions. The greatest improvement is seen when the difference 
in condensing temperature and the evaporating temperature is greatest. Although the cycle above 
did not account for the effect of pressure drop in the suction line, which will potentially increase 
the compressor work and further harm the system COP, the result do show that there is certainly 
some potential for COP improvement in the two liquids analyzed. 
The other potential benefit of IHX to the system is increasing the enthalpy difference of the 
refrigerant in the evaporator. As shown in Figure 2-1, the heat exchange between the hot liquid 
and the cold vapor in the IHX will further subcool the liquid that came out of the condenser. This 
subcooling effect will push the refrigerant to a lower quality after the expansion device at the 
evaporator inlet. Therefore, as the outlet condition remains the same, the specific enthalpy 
difference of refrigerant will increase as a result. Figure 2-3 demonstrates the potential increase of 
specific capacity on a cycle basis at the same conditions described above in the COP analysis: 
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Figure 2–3: Increase in Q in different conditions with and without IHX 
The result of the cycle analysis show that R134a can achieve a specific capacity increase 
between 4% and 13.7%, while R1234yf can have a specific capacity increase between 6% and 
19.5% over the range of operating conditions. Again, the highest improvement can be found at the 
highest difference in condensing temperature and the evaporating temperature. 
Thermodynamically, the addition of IHX can improve an R134a based system’s COP by up 
to 3.2% and capacity up to 13.7% while for R1234yf system’s COP and capacity up to 7.3% and 
19.5%, respectively. The actual performance in a real system can be higher or lower, depending 
on how closely the components in real system are compared to the assumed component 
characteristics in the cycle analysis.  
2.2 Effect of Pressure Drop and IHX Effectiveness 
The cycle analysis in previous chapter are conducted at a fixed effectiveness with no pressure 
drop in the suction line. However, effectiveness of an IHX can affect the performance greatly since 
the amount of heat exchanged in the heat exchangers will increase proportionally to the increase 
of IHX size, as shown in Figure 2-1. On the other hand, pressure drop will typically result in a 
higher compressor work and further affect the improvement made by the IHX to the system. 
To explore the effect of IHX size and pressure drop, we set a range of evaporating temperature 
from -5°C to 10°C and a fixed condensing temperature at 40°C with a range of IHX effectiveness 
from 0.2 to 0.7 for R134a and R1234yf. Pressure drop was artificially added between the 
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evaporator outlet and the compressor inlet until the COP value of cycle with IHX dropped below 
the COP value of cycle without IHX, the results are shown in Figure 2-4 below: 
    
Figure 2–4: Effect of pressure drop and IHX effectiveness 
As we can see from the analysis, we can conclude that R1234yf generally has a better tolerance 
on pressure drop in the suction line than R134a. Moreover, we can see that as the effectiveness of 
IHX increase, the allowable pressure drop will also be higher. This is not surprising since from the 
analysis in previous chapter, the improvement of COP is higher while the effectiveness of IHX is 
higher. Therefore, the diminishing effect of pressure drop on COP can be tolerated more when we 
have an IHX with higher effectiveness. 
The tradeoff between pressure drop and IHX effectiveness is clearly seen from above analysis 
that a better design of IHX requires geometries that allow better heat transfer between the liquid 
and vapor refrigerant and at the meantime produce minimal pressure drop in the suction line.  
However, instead of simply adding pressure drop in the suction line, a detailed and validated 
model is needed for the IHX to address the effects of pressure drop and effectiveness. This not 
only allow us to evaluate the performance in different geometry of IHX but also allow us to 
evaluate the impact of IHX on system COP and capacity when incorporated into a more detailed 
system model. 
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CHAPTER 3 MODELING OF INTERNAL HEAT 
EXCHANGERS 
3.1 Internal Heat Exchanger Model Proposed 
To better compare and evaluate different design of IHX, a finite element model has been 
modified based on Nelson and Hrnjak [2002] to predict the heat transfer and pressure drop 
characteristic within the heat exchanger. The model was written in Engineering Equation Solver 
(EES) and makes extensive use of the resident refrigerant property routines. This model will allow 
for the investigation of IHX that has either single phase or two phase refrigerant on the high side 
or low side inlet conditions.  
The finite element model starts from the low pressure side inlet (outlet of the evaporator)/ high 
pressure side outlet (i=0 in Figure 3-1) and marches across to the low pressure side outlet (inlet to 
the compressor)/ high pressure side inlet (i=10 in Figure 3-1). The model divide the IHX into ten 
elements, within which the length of the first element (from i=0 to i=1) will be calculated based 
on the inlet quality. If the inlet to the low pressure side is superheated, the length of each element 
will be the same. Within each element, a set of implicit equations describe the 1-D, steady-state 
heat exchange balance and pressure drop. EES’s internal Newton-Raphson type solver calculates 
the solution. 
 
Figure 3–1: IHX finite element model 
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3.1.1 Model Inputs and Outputs 
The refrigerant state at the inlet to the low pressure side (at node i=0) and at the inlet to the 
high pressure side (at node i=10) are specified. Either temperature and pressure (for single phase 
states) or pressure and quality (for two phase states) can be used. However, to help improving the 
convergence of the model, manually input guess values from related experimental data was 
necessary. Moreover, the mass flow rate should be specified and assumed to be the same on both 
liquid and vapor side (steady-state assumption). 
 
The geometry of the IHX will also be specified in the model in order to calculate the 
geometrical effects on heat transfer and pressure drop. A more detailed description of the high and 
low pressure cross-section is necessary for inclusion in the heat transfer equations (fin efficiencies) 
 
The output of the model includes the inlet/outlet of refrigerant state, the Reynolds number and 
heat transfer coefficient at each element. Characterizing the overall IHX performance is the 
effectiveness (εIHX), total heat transfer (QIHX), and total pressure drop in the heat exchanger, 
including inlet and outlet pressure loss in connection pipes. 
3.1.2 Modeling Equations 
The model of heat transfer in each element is given by the following equations: 
 
?̇?𝐼𝐻𝑋 = ?̇?𝑟𝑒𝑓(ℎ𝑖ℎ𝑥𝑠𝑙𝑟𝑖,𝑖 − ℎ𝑖ℎ𝑥𝑠𝑙𝑟𝑖,𝑖−1)                                                                                      (3.1) 
 
?̇?𝐼𝐻𝑋 = ?̇?𝑟𝑒𝑓(ℎ𝑖ℎ𝑥𝑙𝑙𝑟𝑖,𝑖 − ℎ𝑖ℎ𝑥𝑙𝑙𝑟𝑖,𝑖−1)                                                                                       (3.2) 
 
?̇?𝐼𝐻𝑋 = 𝑈𝐴𝑖
(𝑇𝑖ℎ𝑥𝑙𝑙𝑟𝑖,𝑖−1 − 𝑇𝑖ℎ𝑥𝑠𝑙𝑟𝑖,𝑖)−(𝑇𝑖ℎ𝑥𝑙𝑙𝑟𝑖,𝑖−𝑇𝑖ℎ𝑥𝑠𝑙𝑟𝑖,𝑖−1)
ln
(𝑇𝑖ℎ𝑥𝑙𝑙𝑟𝑖,𝑖−1 − 𝑇𝑖ℎ𝑥𝑠𝑙𝑟𝑖,𝑖)
(𝑇𝑖ℎ𝑥𝑙𝑙𝑟𝑖,𝑖−𝑇𝑖ℎ𝑥𝑠𝑙𝑟𝑖,𝑖−1)
                                                               (3.3) 
 
The subscript ihxllri refers to the high pressure side inlet and ihxslri refers to low pressure side 
inlet. Enthalpies in the equation are evaluated by using EES thermophysical property functions. 
The IHX examined are all counter flow heat exchanger. Therefore, UA-LMTD method is used in 
the calculation. Where: 
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𝑈𝐴𝑖 = 𝑈𝑃𝑖𝐿𝐼𝐻𝑋                                                                                                                             (3.4) 
and 
𝑈𝑃𝑖 =
1
1
ℎ𝑖ℎ𝑥𝑙𝑙𝑟𝑖,𝑖𝑃𝑖ℎ𝑥𝑙𝑙
+
1
ℎ𝑖ℎ𝑥𝑠𝑙𝑟𝑖,𝑖𝑃𝑖ℎ𝑥𝑠𝑙ƞ𝑖ℎ𝑥𝑠𝑙𝑟𝑖,𝑖
                                                                                  (3.5) 
 
The conduction term for the thin aluminum wall has been neglected since it will be very small 
compare to the convection effect. The fin efficiency is calculated as 
 
ƞ𝑖ℎ𝑥𝑠𝑙 =  
𝑃𝑑𝑖𝑟𝑒𝑐𝑡+𝑃𝑤𝑒𝑏ƞ𝑤𝑒𝑏+𝑃𝑠ℎ𝑒𝑙𝑙ƞ𝑠ℎ𝑒𝑙𝑙ƞ𝑤𝑒𝑏
𝑃𝑖ℎ𝑥𝑠𝑙
                                                                      (3.6) 
𝑃𝑑𝑖𝑟𝑒𝑐𝑡 is the perimeter length in direct contact with the liquid side. 𝑃𝑤𝑒𝑏 is the length of the 
web separating the ports on the vapor side. 𝑃𝑠ℎ𝑒𝑙𝑙 is the length of the shell connecting the ports on 
the vapor side and separating it from the ambient air. Note that: 
 
𝑃𝑖ℎ𝑥𝑠𝑙 =  𝑃𝑑𝑖𝑟𝑒𝑐𝑡 + 𝑃𝑤𝑒𝑏 + 𝑃𝑠ℎ𝑒𝑙𝑙                                                                                       (3.7) 
The fin efficiency ƞ𝑤𝑒𝑏  𝑎𝑛𝑑 ƞ𝑠ℎ𝑒𝑙𝑙 are both calculated as for longitudinal fins defined in Bejan 
and Kraus [2003]: 
 
ƞ =  
tanh(𝐻√
2ℎ𝑖ℎ𝑥𝑠𝑙𝑟𝑖
𝑘𝑡
)
𝐻√
2ℎ𝑖ℎ𝑥𝑠𝑙𝑟𝑖
𝑘𝑡
                                                                                                            (3.8) 
Where H is the web height (or fin height) and t is the thickness of the web. The conductivity 
of the aluminum is k and ℎ𝑖ℎ𝑥𝑠𝑙𝑟𝑖 is the heat transfer coefficient of the vapor side at each element. 
Detailed geometries of each design and fin approximation will be present later in Chapter 3.2. 
 
The calculation of the refrigerant side heat transfer coefficient is dependent upon the 
refrigerant phase. In the single-phase regions for heating and cooling, the Gnielinski [1976] 
correlation is used. This correlation is more accurate across a wider range of Reynolds number 
than Dittus-Boelter [1930] and adds to the modeling equations. It is given by 
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𝑁𝑢 =
𝑓𝐹
2
(𝑅𝑒−1000)𝑃𝑟
1+12.7√
𝑓𝐹
2
(𝑃𝑟
2
3−1)
[1 + (
𝐷ℎ
𝐿𝑡𝑢𝑏𝑒
)
2
3
]                                                               (3.9) 
where     
𝑓𝐹 = 0.0791𝑅𝑒
−1/4                                                                                       (3.10) 
Although the data were selected to include only single phase outlet from the condenser in this 
study, it is possible that we will encounter a two-phase outlet from the condenser in future 
utilization of the IHX model. For this reason, a heat transfer correlation for condensation (Dobson 
[1998]) and evaporation (Chato-Wattelet [1994]) has been specified. Further details of the two-
phase modeling equations can be found in Nelson and Hrnjak [2002].  
 
The pressure drop relation used for single phase regions on the low and high-pressure side was 
Churchill’s [1977] friction factor. It is an explicit representation for turbulent friction factor in both 
laminar and turbulent regions with smooth and rough pipes. 
−
𝑑𝑃
𝑑𝑧
= 𝑓𝐹
2𝐺2𝑣
𝐷
                                                                                              (3.11) 
𝑓𝐹
2
= [(
8
𝑅𝑒
)
12
+
1
(𝐴+𝐵)3/2
]
1/12
                                                          (3.12) 
where 
𝐴 = [2.457𝑙𝑛 (
1
(
7
𝑅𝐸
)
0.9
+0.27
ε
𝐷
)]
1/12
                                                  (3.13) 
and 
𝐵 = (
37,530
𝑅𝑒
)
16
                                                                                 (3.14) 
For the two-phase pressure region on the low and high pressure side, de Souza’s [1995] 
correlation was used, more detailed description of the modeling equations can be found in Nelson 
and Hrnjak [2002]. 
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In addition to the pressure drop in the suction line, losses in the connection pipes and fittings 
are also estimated in the model in order to match with the experimental values. The pressure drop 
from the evaporator to IHX and from IHX to the compressor are estimated for each configuration 
using the single-phase pressure drop correlation from equation (3.11), length of connection pipes 
varies from case to case.  
3.2 Selected Internal Heat Exchanger Geometries 
There are numerous designs of internal heat exchangers that were included as part of the 
system in previous projects conducted in ACRC at the University of Illinois at Urbana-Champaign. 
Some of which are commercially available designs while others are in the prototype stage of 
development. The following chapters includes detailed description of each design and also include 
all the fin approximation alongside. 
3.2.1 HALLA 
Figure 3-2 show the cross-sectional area of the concentric tube design of HALLA internal heat 
exchanger. Liquid refrigerant are shown in red color and vapor side in blue. The inner and outer 
tube are connected by three web features. To better implement the geometrical effect into the 
model, web features and the outer shell are approximated as outer fins of the inner tube.  
The right part of the Figure 3-2 depicts the fin approximation of the web and outer shell. To 
simplify the fin features, we assume the thickness of the web to be the same as twice of the shell 
thickness. Therefore, the approximation of the fin height what will go into equation (3.8) will be 
the length of the web plus one third of the outer shell.  
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Figure 3–2: Cross-sectional area and fin approximation of HALLA internal heat exchanger 
Three different length of the HALLA IHX are used in the data sets. TR-294 utilized the 
500mm one and CR-45 implemented 1000mm, 1500mm and a parallel configuration of two 
1500mm. More detailed dimensions of the HALLA IHX are shown in Table 3-1. 
Table 3-1: HALLA IHX detailed dimensions of geometrical features 
 
3.2.2 Sample A 
Figure 3-3 shows the cross-sectional area of the test sample concentric tube design 
(documented as test sample A) of internal heat exchanger. The cross-sectional area of the design 
is similar to that of the HALLA IHX while the suction side was divided into four equal section 
instead of three, with liquid on the inner tube and vapor on the annulus. The fin approximation 
method is also same as the HALLA design where the thickness of the web is twice the shell 
thickness. 
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Figure 3–3: Cross-sectional area and fin approximation of sample A internal heat exchanger 
Three different length of the sample A IHX are used in the data sets: 300mm, 400mm and 
600mm with the same cross-sectional area. More detailed dimensions of the sample A IHX are 
shown below in Table 3-2. 
Table 3-2: Sample A IHX detailed dimensions of geometrical features 
 
3.2.3 Denso 
Figure 3-4 show the cross-sectional area of the spirally corrugated concentric tube design of 
Denso internal heat exchanger. Liquid refrigerant are shown in red color and run through the 
annulus while vapor go through the inner tube. To better implement the geometrical effect into the 
model, the spirally corrugated tube surface on the inner tube were estimated as below in Figure 3-
4. The spirally corrugated feature is a triple fluted spiral (shown in lower left corner). As we 
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measure the pitch height (H) and dimension of the base circle, defined as circumference (C), we 
can calculate the spiral length (L) by:  
 
And along with the parameter per spiral (P), flutes number (n) and the total turns (N), the total 
surface area (A) can be calculated by: 
 
 
        
Figure 3–4: Cross-sectional area and surface area estimation of Denso internal heat exchanger 
The estimated total area above will be used in the model as equivalent heat transfer area on 
the vapor side for the calculation of vapor side heat transfer coefficient. More detailed dimensions 
of Denso IHX are shown in Table 3-3. 
  
A = L * P * n * N   
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Table 3-3: Denso IHX detailed dimensions of geometrical features 
 
3.2.4 Danfoss 
Figure 3-5 show the cross-sectional area of the concentric tube design of Danfoss internal heat 
exchanger. Liquid refrigerant (shown in red) go through the annulus and vapor refrigerant on the 
inner tube. The inner tubes are featured with twelve petal-like fins which spread evenly and go 
spirally up around the circular bar on the center. To better implement the geometrical effect into 
the model, the fin features are assumed to be flattened out on the outer tube (as shown in the middle 
part on the figure below). To simplify the fin features, we assume the fins to be rectangular fins 
(as shown in the right part on the figure). Therefore, the approximation of the fin features will be 
equal to twenty four identical rectangular fins as extended surface from liquid side in the model. 
 
Figure 3–5: Cross-sectional area and fin approximation of Danfoss internal heat exchanger 
There are two types of Danfoss IHX used in selected data sets, type HE1.5 and type HE4.0, 
more detailed dimensions of each design are shown in Table 3-4 below: 
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Table 3-4: Danfoss IHX detailed dimensions of geometrical features 
 
3.2.5 Hutchinson 
Figure 3-6 show the cross-sectional area of the concentric tube design of Hutchinson internal 
heat exchanger. Liquid refrigerant (shown in red) go through the outer arc shape channels and 
vapor refrigerant pass through the inner tube. To better implement the geometrical effect into the 
model, the eight outer channels are approximated as fin features extended from the inner tube. To 
simplify the fin features, we assume the fins to be rectangular fins (as shown in the right part on 
the figure). Therefore, the approximation of the fin features will be equal to eight identical 
rectangular fins as extended surface from suction side in the model. 
 
Figure 3–6: Cross-sectional area and fin approximation of Hutchinson internal heat exchanger 
Only one length is available for this design, detailed dimensions are shown in Table 3-5 
below: 
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Table 3-5: Hutchinson IHX detailed dimensions of geometrical features 
 
After incorporating the geometrical features into the model, we can calculate the total surface 
efficiency and thus acquire the equivalent heat transfer area on the vapor side. Further detailed 
calculation and model validation will be presented in the following chapter. 
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CHAPTER 4 EXPERIMENTAL RESULTS AND 
MODEL VALIDATION 
4.1 Experimental Facilities 
One of the facilities, shown below in Figure 4-1, has two environmental chambers and a 
compressor chamber in-between. Each of the two chambers contains a wind tunnel with variable 
speed blower and temperature controller, enabling a wide range of airflow rate and air temperature 
for the condenser and evaporator in the chambers. The evaporator chamber also has a steam supply 
and humidity controller to give three independent methods to determine system capacity: 
refrigerant side, airside, and calorimetric chamber balance. With the three method used instead of 
two as required by all applicable standards, the determination of system capacities is more reliable. 
In some cases, when the evaporator refrigerant exit is two-phase, or the system operates unstably 
(under some low load condition), only the airside balance is available. Careful design and 
calibration were made so that at least two of the three independent procedures could provide an 
agreement of ±3% as oppose to widely accepted standard of ±5%. 
 
Figure 4–1: Experimental facility (Li et al. [2003]) 
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The compressor chamber holds the compressor at a desired temperature to simulate 
temperature conditions in the vehicle engine compartment under the hood. Compressor power is 
obtained by shaft torque and speed measurement. A torque meter is located between the 
compressor and the driven clutch, eliminating belt and clutch losses. 
The R134a system examined is a typical automotive air conditioning system with a superheat 
control algorithm w/ EXV was originally designed without an IHX. By applying the IHXs on the 
baseline system, two modified system (with Denso and Danfoss IHX) were constructed sharing 
the same components as the baseline. Modification of suction piping was minimal when inserting 
IHXs. IHXs replaced flexible hose used in real cars. A schematic of the system is shown in Figure 
4-2 
 
Figure 4–2: System schematic (Li et al. [2003]) 
Brief description and characteristics of main component are as follow: 
 Compressor – externally controlled variable displacement, ~160 cc displacement 
 Evaporator – two slab, micro-channel parallel flow condenser, core dimension 
W267*H257*D50 
 Condenser – four pass (29-18-8-6), micro-channel condenser, core dimension 
W546*H396*D22 
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The other test facility, shown below in Figure 4-3, the indoor chamber accommodates the 
evaporator while the condenser is located inside the outdoor chamber. The compressor stand is 
located in between the two chambers. This system was a modified 2007 production line R134a 
automotive air-conditioning (MAC) system (Pottker, ACRC TR-294 [2012]). This system was 
chosen because of its variable-speed compressor can operate in a wide speed range and the facility 
in which it was already installed has a wide range of possible operating conditions in terms of 
outdoor and indoor air temperature and flow rates.  
 
Figure 4–3: Test facility (Peuker, ACRC TR-253 [2006]) 
Brief description and characteristics of main component are as follow: 
 Compressor –variable speed, ~214 cc displacement 
 Evaporator – single slab, plate-and-fin type, 19 plates divide into 4 passes, face 
area 0.058 m2, depth 73mm, air side heat transfer area 4.53m2 
 Condenser – single slab, 39 parallel micro-channel tubes, two passes 26-13, face 
area 0.24m2, depth 16mm, air side heat transfer area 5.57m2 
Figure 4.4 shows a complete layout of the experimental setup, the calculated air flow rate 
combined with dry-bulb and dew-point temperature readings were used to calculate the cooling 
capacity on the air side of the evaporator. In addition, the cooling capacity was independently 
obtained by an energy balance on the refrigerant side, using mass flow rate and enthalpies obtained 
from pressure and temperature readings across the evaporator. The compressor power was 
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obtained using measurements from a torque transducer and a tachometer mounted in the shaft that 
connects the compressor to the electrical motor. 
 
Figure 4–4: Layout of experimental facility (Pottker, ACRC TR-294 [2012]) 
An uncertainty propagation analysis was carried out in Pottker [2012] revealed ±6% for the 
cooling capacity obtained from the air-side, ±3% for the refrigerant side and ±5% for the COP 
calculated with the cooling capacity on the refrigerant side. Air and refrigerant side cooling 
capacity typically agreed within ±3%. 
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4.2 Overall Heat Transfer Coefficient of Internal Heat Exchangers 
To better compare the heat transfer performance of each IHX design, several method area used 
to compare each design. First, we calculate the selected data to obtain the vapor side overall heat 
transfer coefficient (Uihxsl) by  
𝑈𝑖ℎ𝑥𝑠𝑙 =
𝑄
𝐴𝑒𝑞×𝐿𝑀𝑇𝐷
                                                                                           (4.1) 
where 
𝐿𝑀𝑇𝐷 =
(𝑇𝑖ℎ𝑥𝑙𝑙𝑟𝑖−𝑇𝑖ℎ𝑥𝑠𝑙𝑟𝑜)− (𝑇𝑖ℎ𝑥𝑙𝑙𝑟𝑜−𝑇𝑖ℎ𝑥𝑠𝑙𝑟𝑖)
ln
(𝑇𝑖ℎ𝑥𝑙𝑙𝑟𝑖−𝑇𝑖ℎ𝑥𝑠𝑙𝑟𝑜)
(𝑇𝑖ℎ𝑥𝑙𝑙𝑟𝑜−𝑇𝑖ℎ𝑥𝑠𝑙𝑟𝑖)
                                                      (4.2) 
and the vapor side equivalent area  
𝐴𝑒𝑞 = 𝐴𝑡𝑜𝑡𝑎𝑙  × ƞ𝑖ℎ𝑥𝑠𝑙                                                                                       (4.3) 
The calculation procedure of ƞ𝑖ℎ𝑥𝑠𝑙 is defined in equation (3.6) and will be dependent to the 
vapor side heat transfer coefficient ℎ𝑖ℎ𝑥𝑠𝑙, where 
ℎ𝑖ℎ𝑥𝑠𝑙 =
𝑁𝑢𝑖ℎ𝑥𝑠𝑙 ×𝑘𝑖ℎ𝑥𝑠𝑙
𝐷ℎ,𝑖ℎ𝑥𝑠𝑙
                                                                                     (4.4) 
ℎ𝑖ℎ𝑥𝑠𝑙 varies in different flow conditions. Therefore, to obtain the equivalent area we will 
need to utilize the finite element model we developed in the previous chapter and calculate the 
equivalent heat transfer area in each element and sum up to be the total equivalent heat transfer 
area of the entire suction line. After dividing the LMTD and the total equivalent heat transfer area, 
we can obtain the vapor side overall heat transfer coefficient for each design. The results are shown 
in Figure 4-5. 
As we can see from the red dashed line in Figure 4-5, at a fixed flow pattern (Re) and surface 
area, HALLA IHX seems to have a better performance, followed by sample A, Hutchinson, Denso 
and then Danfoss the last. However, comparing the Uihxsl  here might be confusing since we 
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eliminated the effect of the fin features while we divide the heat transfer amount by the equivalent 
area.  
 
Figure 4–5: Overall heat transfer coefficient vs. Reynolds number 
4.3 Pressure Drop in the Suction Line of Internal Heat Exchangers 
Most of the pressure drop measurements in each system are located at two points; one at the 
evaporator outlet and one at the compressor inlet. The total pressure drop in the model was divided 
into three parts: the evaporator to the IHX, the IHX suction line and the IHX to compressor. The 
pressure drop in the suction line as well as in the connection tubes were predicted by the single 
phase friction loss equation (3.11). In the model, the pressure drop between each node is coupled 
with the heat transfer calculations, and the total pressure drop will be: 
𝐷𝑃𝑖ℎ𝑥𝑠𝑙 = 𝐷𝑃𝑖𝑛𝑙𝑒𝑡 + 𝐷𝑃𝑖ℎ𝑥𝑠𝑙 + 𝐷𝑃𝑜𝑢𝑡𝑙𝑒𝑡                                                              (4.5) 
Figure 4-6 shows the total pressure drop per unit IHX length versus the density times average 
velocity squared evaluated at the IHX suction line inlet, similar as comparing the friction factor of 
each design. Results show that Danfoss has the largest pressure drop tendency, followed by 
HALLA, Denso and then sample A, Hutchinson. However, as reported in Nelson and Hrnjak 
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[2002], there are some cases where inlet and outlet pressure drop account for as much as 78% of 
the pressure drop within the IHX itself, it might also be confusing to compare the total pressure 
drop since it does not truly reflect the pressure drop characteristics in each design.  
 
Figure 4–6: Pressure drop per unit length vs. ρV2/2 
4.4 Model Validation 
To better compare the heat transfer and pressure drop characteristics, utilizing the finite 
element model developed in the previous chapter is necessary as the preliminary step. However, 
before comparing them in the model, validation of the IHX capacity and pressure drop with the 
experimental results is also important. 
To avoid the instability of quality measurement at the outlet of the evaporator, we include only 
the single phase outlet (superheated vapor) data points from the entire data sets.  Moreover, for the 
pressure drop validation, we estimate the inlet and outlet connection length and tube diameter in 
order to fit the experimental values. By this way, we will be able to include the pressure drop effect 
on the heat transfer. Figure 4-7 shows the validation of the vapor side overall heat transfer 
coefficient and also the pressure drop of each design: 
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Figure 4-7 (cont. on next page) 
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Figure 4–7: Vapor side overall heat transfer coefficient and pressure drop validation 
As shown in Figure 4-7, estimated heat transfer coefficient from the model matches the 
experimental values within 10% in most of the case which utilize Gnielinski [1976] as the single 
phase heat transfer correlation. However, in the Denso design, the value was estimate to be off by 
40%. Therefore, instead of Gnielinski’s correlation, we used the correlation developed by Vicente 
et al. [2004] from spirally corrugated tube for Reynolds number between 3000 and 90000 and 
Prandtl number between 4.1 and 2.9. The Nusselt number was defined as:  
𝑁𝑢𝑠 = 0.403 (
ℎ
𝑑
)
0.53
(
𝑝
𝑑
)
−0.29
(𝑅𝑒 − 1500)0.74𝑃𝑟0.44                                          (4.6) 
As shown in Figure 4-7, the correlation predicts the overall heat transfer coefficient with the 
experimental data within 10%. Therefore, the correlation will be used in later comparison.  
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4.5 Evaluation of Internal Heat Exchanger 
After validating the model with the experimental data sets, we try to compare the different 
design of IHXs with the same input conditions at both liquid and vapor side. A test matrix (as 
shown in Table 4-1) were set to simulate real testing conditions and explore how different design 
can perform on pressure drop and heat transfer in these common conditions: 
Table 4-1 Test matrix for model evaluation of IHX pressure drop vs. heat transfer 
Mr [kg s-1] Tihxllri DTSC Tihxslri DTSH 
0.025~0.045 35°C 5°C 1°C 1°C 
 
Figure 4-8 shows the modeling results from the above test matrix. As discussed in previous 
chapters, the desired performance from an IHX in the system is to have higher heat transferred and 
at the meantime produce minimum pressure drop in the suction line. Therefore, from the figure 
below, designs that lies in the lower right corner will be considered a better design compared to 
others.  
 
Figure 4–8: Pressure drop vs. overall heat transfer coefficient in model 
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There are two trends we can acquire from the above figure. First of all, within the same 
geometry, the overall heat transfer coefficient does not change between different lengths (HALLA 
and TI). The only thing changed were the pressure drop produced in the suction line, where longer 
in length will have higher pressure drop. Secondly, when putting two identical IHX in a parallel 
configuration, we will get a higher overall heat transfer coefficient with a lower suction line 
pressure drop (HALLA and Danfoss).  
Comparing among all of the configurations, Denso and Hutchinson are among the best designs 
which have higher performance on the heat transfer and lower pressure drop in the suction line. 
However, as mentioned in chapter 4-2, plotting the overall heat transfer coefficient will eliminate 
the effect of the fin features when dividing the heat transfer amount by the equivalent area. 
Therefore, in Figure 4-9 we try to compare the performance (UA value) of each configuration on 
a per unit length basis, which means that we are comparing how many heat can be transferred and 
how much pressure drop will be produced per unit length. As we can see from below, eliminating 
the length, we can see that same configuration will have almost the same performance on heat 
transfer and pressure drop (HALLA and TI). 
 
Figure 4–9: Pressure drop vs. overall heat transfer coefficient per unit length of each geometry 
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By this way, we will be able to quantify the pressure drop and heat transfer performance per 
unit length and further determine the geometry and length we need from an IHX when a specific 
amount of heat transfer is needed for a system. From Figure 4-9, we can see that by eliminating 
the effect of length and surface area, we found that Danfoss HE4.0 has the greatest performance 
in the test matrix range, which has a moderate heat transfer performance while generating minimal 
pressure drop in the suction line. Another good configuration will be the double Danfoss HE1.5 
design which has a very high overall heat transfer coefficient with a moderate pressure drop. Denso 
and Hutchinson, although seemed to have promising performance in the last analysis were consider 
only moderate design configuration on a per unit length basis. Lastly, HALLA and TI fell back 
into the upper left zone where were considered designs that were not as good as others due to its 
generation of higher pressure drop and lower overall heat transfer coefficient per unit length. 
A trend we can observe from the pressure drop performance of each design is that; regardless 
of the fin features, the pressure loss is lower when the suction line tube diameter is larger or a 
parallel configuration is made (all will result in larger hydraulic diameter). This can be clearly seen 
at the lower part of Figure 4-9, designs that falls in the lower part of the figure (TI, Hutchinson, 
Denso and Danfoss HE4.0), where the diameter of Danfoss HE4.0 is the largest among all design, 
followed by TI, Hutchinson and Denso (about the same). The pressure drop magnitude were 
inversely proportional to the suction line diameter. These designs with larger suction line diameter 
generate lower pressure drop compare to the designs that falls in the upper part of the figure 
(HALLA and Danfoss HE1.5).  
Comparing the performance among the four designs on the lower part, we can see that Danfoss 
HE4.0 (with fin features on vapor side) has the highest heat transfer coefficient per unit length, 
followed by the Denso (with spirally corrugated tube on vapor side), Hutchinson (with fin features 
on liquid side) and then TI (smooth tube on vapor side). And with around the same value of 
pressure drop shown in the figure, we can conclude that more fin features can increase the heat 
transferred performance on the vapor side with minimal effect on the pressure drop. 
The drawback of comparing each design on a per unit length basis is that we did not taken the 
weight penalty into consideration. In the real world applications, especially in the automobile 
industry, weight was considered to be a critical factor of adding a component into a real system. 
From the above analysis, although Danfoss HE4.0 seems to have the best performance, the 
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complexity of its geometry certainly become a disadvantage when considered among all other 
designs.  
Figure 4-10 compares the total component weight against the average UA value per unit length 
from the test matrix of each design. Generally, the better design will be at the lower right corner 
in the figure, where it will have a better heat transfer characteristics with less weight added to the 
system. Although Danfoss HE4.0 was considered to have the best performance on pressure drop 
and heat transfer features, the higher weight certainly gave it a big disadvantage compared among 
others when applying onto a real system. Double Danfoss HE1.5, which also performed well on 
the last analysis, will also need to be reconsidered if applying to a real world system. 
 
Figure 4–10: Weight vs. overall heat transfer coefficient per unit length of each geometry 
Moreover, the presented IHX weights in Figure 4-10 have deducted the weight of connection 
pipes and fittings. To implement the IHX in a real system, extra fittings and connection pipes are 
required, which further increase the complexity of system configuration (See appendix figures for 
example). This will definitely diminish the desire of adding the IHX into the system since the 
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complexity of configuration not only increase system weight but also potentially increase the risk 
of refrigerant leakage due to the additional usage of fittings. Therefore, careful consideration is 
required when adding IHX into a real system. 
33 
 
CHAPTER 5 SUMMARY AND CONCLUSIONS 
5.1 Summary and Concluding Remarks 
The work presented in this research first explored the potential benefits of implementing IHX 
in an automobile system on a cycle basis for R134a and R1234yf. By ignoring the suction line 
pressure drop and a reasonable assumption of IHX effectiveness, we observed a potential increase 
of system capacity by up to 13.7% and 19.5% for R134a and R1234yf, respectively. Moreover, an 
increase of COP are found to be up to 3.2% for R134a and 7.3% for R1234yf. Pressure drop effect 
is also explored on a cycle basis. Maximum allowable pressure drop where the system COP with 
IHX drop below system without IHX were found in different size (effectiveness) of IHX. From 
this we can clearly see there was a tradeoff between the IHX effectiveness and pressure drop. 
Although higher effectiveness of IHX will allow system to have better performance, the 
corresponding pressure drop may or may not diminish the benefit down to even below the baseline 
system performance.  
Detailed measurements of each design including the liquid and suction line geometry, fin 
approximations and component weight were documented. A comparison of different internal heat 
exchanger design on single phase heat transfer and pressure drop characteristics has also been 
proposed by building a finite element model of each IHX based on the measured features. These 
models were further validated by comparing with the single phase experimental data sets on heat 
transfer and pressure drop performance, which agrees in a range of ±10%. Lastly, utilizing the 
validated models, we created a common test matrix to compare each design. Several conclusions 
for future design reference were made: 
 Compared at the same inlet conditions, designs that have larger suction line diameter (or 
constructed in a parallel configuration) will have lower pressure drop. 
 Spirally corrugated suction line design (Denso) and extra fin design (Danfoss) on the 
suction side can increase the heat transfer performance of IHX while did not increase the 
pressure drop as long as the suction line diameter is equal (or larger) than smooth tube 
designs. 
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5.2 Recommendation for Future Study 
This research focused on the component level analysis on both experimental and modeling 
approach. The assumptions taken in the cycle, component model and the designed matrix are based 
on empirical guesses to simulate the effect on IHX on a real world system. The future work of this 
research is to incorporate the IHX models of different designs developed in this research into a 
complete system model. Only by looking into a sound system model can we actually observe the 
impact of different IHX designs on the system capacity and COP and further discuss the 
advantages and drawbacks among all the design. 
Moreover, this research validates the model with single phase inlet on both liquid and vapor 
side. However, one of the benefit of IHX is to allow the evaporator to have two phase outlet rather 
than superheated vapor since refrigerant can evaporate in the IHX to ensure no liquid present at 
the compressor inlet. This does not improve distribution but can potentially reduce the effect of 
maldistribution of refrigerant in the evaporator. Moreover, shifting the process in last parts of 
evaporator to the IHX helps better utilization of the evaporator surface and can increase the 
effectiveness of evaporator. The future work of this research can look more into this part and 
discuss the potential of even more improvement from IHX to the system. 
It has been pointed out in the cycle analysis that R1234yf can potentially have greater 
improvements by utilizing IHX in a system. However, limited data sets were found either in open 
literature or in previous experiment conducted at the University of Illinois at Urbana-Champaign 
to state the influence of such component. Therefore, more analysis can be look into on this potential 
fluid for automotive system. 
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APPENDIX 
 Component level data sheet for different IHX designs 
Table A- 1: R134a with HALLA 0.5m internal heat exchanger (Pottker, ACRC TR294 [2012]) 
Mr Pihxllri Pihxllro Pihxslri Pihxslro Tihxllri Tihxllro Tihxslri Tihxslro DPihxslr Qihxslr 
[g/s] [kPa] [kPa] [kPa] [kPa] [°C] [°C] [°C] [°C] [kPa] [kW] 
39.72 1557 1557 301 273 56.6 45.6 10.5 26.3 18.67 0.5814 
38.48 1572 1572 300 272 53.3 43.1 10.8 25.4 18.67 0.5221 
37.84 1582 1582 300 275 51.2 41.5 10.7 24.6 16.67 0.4876 
37.21 1601 1601 299 275 49.5 40.2 11 24.3 16.00 0.4587 
36.80 1622 1622 299 276 48 39 10.9 23.7 15.33 0.4366 
36.62 1643 1643 300 276 46.8 38.1 10.5 23 16.00 0.4257 
36.04 1687 1687 299 275 45.5 37.3 11.3 23.1 16.00 0.3964 
35.89 1768 1768 300 277 44.3 36.3 10.7 22.3 15.33 0.3878 
 
Table A- 2: R134a with HALLA 1.0 m internal heat exchanger (Nelson, ACRC CR-45 [2002]) 
Condition Mr Pihxllri Pihxllro Pihxslri Pihxslro Tihxllri Tihxllro Tihxslri Tihxslro DPihxslr Qihxslr 
- [g/s] [kPa] [kPa] [kPa] [kPa] [°C] [°C] [°C] [°C] [kPa] [kW] 
I0_38degSH 27.23 2243 2243 484 447 72.03 52.43 18.3 51 36.9 0.85 
I0_44degSH 24.97 2208 2208 463 435 71.27 54.64 27.39 54.9 28.4 0.66 
I0_48degSH 20.97 2134 2134 416 400 69.71 55.52 34.99 57.1 15.8 0.47 
M01_28degSH 48.36 1960 1960 501 359 56.24 41.43 17.91 33.8 142.8 1.08 
M01_35degSH 44.47 1980 1980 477 344 53.32 43.12 25.52 39.3 132.7 0.68 
 
Table A- 3: R134a with HALLA 1.5m internal heat exchanger (Nelson, ACRC CR-45 [2002]) 
Condition Mr Pihxllri Pihxllro Pihxslri Pihxslro Tihxllri Tihxllro Tihxslri Tihxslro DPihxslr Qihxslr 
- [g/s] [kPa] [kPa] [kPa] [kPa] [°C] [°C] [°C] [°C] [kPa] [kW] 
M01_40degSH 43.48 1670 1670 495 337 59.6 45.02 24.52 47 158.7 0.97 
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M01_45degSH 41.23 1670 1670 473 315 58.98 45.69 27.18 48.4 158.3 0.83 
I0_50degSH 24.28 2221 2221 462 428 71.62 51.67 27.83 60.2 33.7 0.77 
I0_45degSH 26.5 2259 2259 483 441 72.36 48.01 18.5 56.5 41.8 1.02 
H01_136comp 49.46 1757 1757 479 237 61.1 43.16 19 43.9 242.7 1.35 
H01_55degSH 45.13 1711 1711 445 223 60.04 45.57 26.52 47.9 222.3 1.00 
I12_46degSH 17.09 1401 1401 299 271 51.33 31.92 4.71 42.7 27.5 0.49 
I12_47degSH 16.01 1379 1379 284 262 50.91 34.26 12.27 44.1 22.3 0.39 
 
Table A- 4: R134a with two HALLA 1.5m internal heat exchanger in parallel (Nelson, ACRC CR-45 [2002]) 
Condition Mr Pihxllri Pihxllro Pihxslri Pihxslro Tihxllri Tihxllro Tihxslri Tihxslro DPihxslr Qihxslr 
- [g/s] [kPa] [kPa] [kPa] [kPa] [°C] [°C] [°C] [°C] [kPa] [kW] 
I0_13degSH 25.18 2204 2204 449 436 71.16 49.87 25.05 58.6 13.2 0.85 
I0_13degSH 22.9 2157 2157 409 397 70.08 47.5 19.63 57.1 11.2 0.81 
M01_39degSH 42.85 2209 2209 430 332 49.97 38.81 23.11 42.4 98.4 0.71 
I01_45degSH 26.63 2264 2264 468 446 72.30 49.53 16.43 57.30 22.3 0.96 
I01_50degSH 22.57 2189 2189 423 406 70.72 52.15 28.28 59.70 16.6 0.66 
I01_45degSH 23.14 2268 2268 434 419 64.30 49.62 25.37 55.90 14.6 0.53 
I01_53degSH 21.33 2142 2142 410 397 70.03 54.08 33.09 61.10 13 0.54 
H01_40degSH 56.67 1844 1844 418 266 61.60 34.00 10.38 37.80 151.8 2.35 
H01_58degSH 41.77 1647 1647 325 214 58.56 46.81 28.46 50.10 110.8 0.75 
I01_48degSH 23.44 2170 2170 444 431 70.59 53.02 25.82 59.30 13.8 0.65 
 
Table A- 5: R134a with test Sample A data (X. Li, Personal communication [2014]) 
Conditions Mr Pihxllri Pihxllro Pihxslri Pihxslro Tihxllri Tihxllro Tihxslri Tihxslro DPihxslr Qihxslr 
- [g/s] [kPa] [kPa] [kPa] [kPa] [°C] [°C] [°C] [°C] [kPa] [kW] 
Sample A_600mm 
Low load 27.88 1594 1592 354 353 50.39 41.52 14.86 28.97 1.28 0.344 
High load 64.10 1589 1580 305 296 50.90 42.20 9.90 25.50 9.40 0.878 
Sample A_400mm 
Low load 27.75 1607 1605 347 346 50.1 45.13 15.14 24.66 0.25 0.236 
High load 64.72 1604 1592 304 299 49.95 42.71 9.99 22 5.29 0.679 
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Sample A_300mm 
Low load 27.80 1596 1592 350 349 50.09 45.96 15.14 21.45 0.62 0.155 
High load 64.41 1596 1572 305 300 50.64 45.17 9.91 20.04 5.23 0.563 
 
Table A- 6: R134a with Denso 500mm internal heat exchanger (X. Li, Personal communication [2014]) 
Condition Mr Pihxllri Pihxllro Pihxslri Pihxslro Tihxllri Tihxllro Tihxslri Tihxslro DPihxslr Qihxslr 
- [g/s] [kPa] [kPa] [kPa] [kPa] [°C] [°C] [°C] [°C] [kPa] [kW] 
I70 25.15 3158 3143 453.8 446.6 80.4 69.26 14.65 33.15 7.166 0.4572 
I60 24.07 2629 2617 423.6 416.5 64.59 54.69 12.61 27.58 7.095 0.352 
I45 26.97 2044 2029 381 370.7 55.17 45.83 9.458 22.31 10.32 0.3368 
L45 36.63 2066 2042 314.3 289.1 56.78 45.77 3.931 18.62 25.22 0.5213 
M45 39.57 1854 1826 283.7 249.3 52.83 41.68 1.14 15.55 34.48 0.5547 
H45 40.57 1746 1717 271.5 232.5 50.82 39.61 -0.1559 14 38.93 0.5611 
I50 31.32 2377 2358 440.5 428.7 63.44 54.09 13.81 27.03 11.79 0.4107 
I35 31.56 1755 1738 409.7 397.1 47.38 40.14 11.58 21.24 12.58 0.303 
L35 42.09 1770 1739 335 303.9 49.23 40.11 5.733 17.25 31.06 0.4842 
M35 44.97 1550 1516 300.5 258.5 44.58 35.48 2.75 13.6 41.96 0.4952 
H35 47.63 1469 1430 278.6 223.7 42.97 33.25 0.589 11.02 54.85 0.6949 
I40a_5 26.53 1817 1803 364.4 354.4 49.36 40.72 8.198 20.1 9.924 0.3055 
I25a_5 26.51 1279 1266 331.5 321.1 34.34 28.29 5.482 14.26 10.43 0.225 
L25a_5 31.9 1244 1227 276.8 257.2 33.4 26.45 0.3599 10.19 19.58 0.3027 
M25a_5 32.55 1079 1061 262.6 239.3 29.97 23.46 -1.024 8.188 23.35 0.2919 
H25a_5 32.45 1001 983.7 261.7 237.8 28.59 22.21 -1.09 7.756 23.93 0.2806 
I40a_10 26.53 1817 1803 364.4 354.4 49.36 40.72 8.198 20.1 9.924 0.3055 
I25_10 26.51 1279 1266 331.5 321.1 34.34 28.29 5.482 14.26 10.43 0.225 
L25a_10 25.76 1112 1100 334.9 324.7 30.7 24.9 5.758 13.22 19.58 0.1871 
M25a_10 25.62 969.7 958.7 335.1 324.2 28.32 22.6 5.777 12.36 23.35 0.1654 
H25a_10 26.26 918.6 906.6 334.2 319.6 27.52 21.74 5.707 11.79 23.93 0.2188 
I40c_5 21.83 1686 1676 307.4 299.2 46.66 37.43 3.226 16.64 9.924 0.276 
I25c_5 21.27 1164 1155 287.2 279.6 31.94 25.66 1.466 11.39 10.43 0.1986 
L25c_5 23.37 1081 1072 267.3 256.8 30.06 23.42 -0.5456 9.248 10.26 0.2153 
M25c_5 23.2 949.1 939.7 266.7 255.8 28.05 21.6 -0.564 8.862 10.88 0.206 
H25c_5 23.17 897 887.8 266.2 254.7 27.32 20.2 -0.6713 8.051 14.55 0.1913 
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I40c_10 17.65 1550 1542 344.4 339.8 44.83 36.67 6.667 18.77 8.122 0.2032 
I25c_10 15.57 996.8 991.7 342.2 338.7 30.5 25.6 6.31 14.17 7.631 0.1168 
 
Table A- 7: R134a with Denso 470mm internal heat exchanger (X. Li, Personal communication [2014]) 
Condition Mr Pihxllri Pihxllro Pihxslri Pihxslro Tihxllri Tihxllro Tihxslri Tihxslro DPihxslr Qihxslr 
- [g/s] [kPa] [kPa] [kPa] [kPa] [°C] [°C] [°C] [°C] [kPa] [kW] 
I25a_15degSH 22.98 989.4 981.7 333.3 322.2 29.21 25.8 17.01 21.57 11.08 0.1124 
I25a_7degSH 23.42 993.9 985.8 341.8 330.4 29.3 24.8 11.39 19.16 11.41 0.1505 
I25a_1degSH 24.24 1002 993 343.2 331.4 29.42 23.14 6.164 16.32 11.86 0.2173 
I35a_15degSH 29.11 1407 1398 356.5 341.1 40.11 35.34 20.77 28.23 15.4 0.2053 
I35a_7degSH 30.66 1403 1393 367.1 350.7 41.2 34.46 13.63 25.23 16.45 0.3052 
I35a_1degSH 32.53 1403 1391 374.6 357 41.57 30.45 7.963 19.53 17.6 0.5316 
M25a_15degSH 14.74 749.4 745.8 333.4 327.6 25.11 23.27 17.57 20.92 5.771 0.03856 
M25a_7degSH 15.29 752.2 748.2 340.1 334.1 25.16 22.37 12.57 18.79 5.996 0.0605 
M25a_1degSH 15.9 752.5 748.3 340.3 333.6 25.15 18.5 6.38 13.5 6.608 0.1493 
M35a_15degSH 43.4 1165 1145 278.7 229.9 37.19 31.02 11.85 21.41 48.8 0.3917 
M35a_7degSH 44.42 1161 1140 281.8 232.6 37.12 29.82 5.8 18.47 49.23 0.473 
M35a_1degSH 46.69 1175 1152 287.4 239.4 37.67 26.95 0.2804 13.05 48 0.7271 
 
Table A- 8: R134a with Danfoss HE4.0 internal heat exchanger (Li et al. [2002]) 
Condition Mr Pihxllri Pihxllro Pihxslri Pihxslro Tihxllri Tihxllro Tihxslri Tihxslro DPihxslr Qihxslr 
- [g/s] [kPa] [kPa] [kPa] [kPa] [°C] [°C] [°C] [°C] [kPa] [kW] 
625rpm_3degSH 25.88 1032 1032 379.5 377.3 37.84 33.31 11.28 24.81 2.263 0.1737 
625rpm 7degSH 25.73 1031 1031 378.1 375.8 37.62 33.28 14.31 25.02 2.306 0.1653 
625rpm_10degSH 25.47 1031 1031 375.6 373.4 37.45 33.43 18.95 25.72 2.2 0.1516 
625rpm_20degSH 21.77 1015 1016 331.9 330 35.74 33.11 23.91 27.96 1.878 0.08424 
625rpm_30degSH 14.41 978.5 979 236.8 235.5 34.54 32.56 25.39 29.18 1.261 0.04214 
1250rpm_10degSH 38.16 1120 1120 303.5 297.7 37.6 32.99 13.55 21.7 5.789 0.2599 
1250rpm_20degSH 33.82 1107 1107 276.2 271 36.53 33.11 19.17 24.71 5.207 0.1707 
1250rpm_30degSH 25.89 1063 1064 221.6 217.7 35.24 32.8 23.22 27.19 3.936 0.09282 
2500rpm_5degSH 45.92 1197 1197 226.7 213.9 37.73 31.48 -3.276 15.26 12.72 0.4223 
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2500rpm_10degSH 44.17 1195 1195 221.4 208.8 37.3 32.15 9.21 18.57 12.66 0.3353 
2500rpm_20degSH 43.21 1202 1202 218.3 205.9 37.41 32.58 11.23 20.01 12.37 0.3076 
ISH45_X1 35.25 1778 1764 400.5 397.1 52.45 44.2 8.982 25.95 3.372 0.45 
HSH45_X1 55.86 1628 1601 278.7 265.3 48.62 40.68 -1.326 16.93 13.42 0.6768 
 
Table A- 9: R134a with Hutchinson internal heat exchanger (X. Li, Personal communication [2014]) 
Condition Mr Pihxllri Pihxllro Pihxslri Pihxslro Tihxllri Tihxllro Tihxslri Tihxslro DPihxslr Qihxslr 
- [g/s] [kPa] [kPa] [kPa] [kPa] [°C] [°C] [°C] [°C] [kPa] [kW] 
625rpm_3degSH 25.88 1032 1032 379.5 377.3 37.84 33.31 11.28 24.81 2.263 0.1737 
625rpm 7degSH 25.73 1031 1031 378.1 375.8 37.62 33.28 14.31 25.02 2.306 0.1653 
625rpm_10degSH 25.47 1031 1031 375.6 373.4 37.45 33.43 18.95 25.72 2.2 0.1516 
625rpm_20degSH 21.77 1015 1016 331.9 330 35.74 33.11 23.91 27.96 1.878 0.08424 
625rpm_30degSH 14.41 978.5 979 236.8 235.5 34.54 32.56 25.39 29.18 1.261 0.04214 
1250rpm_10degSH 38.16 1120 1120 303.5 297.7 37.6 32.99 13.55 21.7 5.789 0.2599 
1250rpm_20degSH 33.82 1107 1107 276.2 271 36.53 33.11 19.17 24.71 5.207 0.1707 
1250rpm_30degSH 25.89 1063 1064 221.6 217.7 35.24 32.8 23.22 27.19 3.936 0.09282 
2500rpm_5degSH 45.92 1197 1197 226.7 213.9 37.73 31.48 -3.276 15.26 12.72 0.4223 
2500rpm_10degSH 44.17 1195 1195 221.4 208.8 37.3 32.15 9.21 18.57 12.66 0.3353 
2500rpm_20degSH 43.21 1202 1202 218.3 205.9 37.41 32.58 11.23 20.01 12.37 0.3076 
ISH45_X1 35.25 1778 1764 400.5 397.1 52.45 44.2 8.982 25.95 3.372 0.45 
HSH45_X1 55.86 1628 1601 278.7 265.3 48.62 40.68 -1.326 16.93 13.42 0.6768 
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 Available IHX presented 
 HALLA 
  
Figure A- 1: HALLA internal heat exchanger 
 Denso 
 
Figure A- 2: Denso internal heat exchanger 470mm 
 
Figure A- 3: Denso internal heat exchanger 500mm 
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 Danfoss 
 
Figure A- 4: Danfoss internal heat exchange HE 1.5 in parallel 
 
Figure A- 5: Danfoss internal heat exchange HE 4.0 
 Hutchinson 
 
Figure A- 6: Hutchinson internal heat exchanger 
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